Abstract. Sulfate-reducing biochemical reactors (BCRs) were installed to provide a basis for substrate selection for a final treatment remedy for mining influenced water (MIW) from the National Tunnel adit. Black Hawk, CO. 
Introduction
The National Tunnel drains mining influenced water (MIW) to the north fork of Clear Creek in Black Hawk, Colorado. The National Tunnel is within the Clear Creek/Central City (CC/CC) Superfund Site. The National Tunnel MIW exhibits water quality values presented in Table 1 .
These elevated metal concentrations and low pH contribute directly to conditions toxic for aquatic life and exceed the EPA ambient aquatic standards (Table 1, The BCRs supported active sulfate reducing bacterial communities (Prieto et al. 2008 ) and demonstrated the removal of metals including Fe, Cu, and Zn from National Tunnel MIW over the course of six months in 2006 (Buccambuso et al. 2007 . Biogenic sulfide and elevated alkalinity were presumed to be responsible for metal removal in the BCRs, primarily by raising MIW pH to circum-neutral values and subsequent precipitation of metals in carbonate and sulfide forms. The initial BCRs were installed as three pairs, each pair containing a different substrate mixture to provide a basis for selection of a substrate for final treatment remedy. The goal was to provide a carbon source for the SO 4 2--reducing bacteria either directly (ethanol) or indirectly (wood, hay and corn stover). Testing of the three substrate mixtures: 1. ethanol (liquid-phase), 2. hay plus wood and 3. corn stover plus wood (both solid-phase) resulted in differential MIW treatment in the BCRs.
The operation of these BCRs will continue at least until the summer of 2008, however, several improvements were made to the BCR systems in 2007 to address hydraulic and winterization problems present in the previous system. Piping and layout were improved to provide regular influent flow to the BCRs and reduce clogging in the piping by iron-hydroxide precipitates. In order to provide year-round treatment, heating systems were also installed to ensure that BCRs and their influents and effluents did not freeze during cold months. Reactor contents were minimally disturbed during the series of improvements and a fourth set of reactors was added which contained CHITOREM ® SC-20, a chitin complex. Previous results from microcosm studies suggested that CHITOREM  SC-20 was a good substrate for SO 4 2-reducing bacteria (Daubert and Brennan 2007) . The BCRs containing this substrate were designated CHTN reactors. The EPA Engineering Technical Support Center and JRW Bioremediation are currently evaluating CHITOREM  SC-20 in bench-scale and column studies.
This paper reflects data collected through December 2007 and will discuss the metal removal efficiency and continued operation of the original BCR treatment systems and CHTN reactors in addition to the effects of physical modifications made to the system. The intent of this paper is to report on the progress of the BCR substrate assessment for treatment of the National Tunnel MIW. The performance evaluation of the liquid (ethanol-fed) BCR, two solid phases organic BCRs and CHTN BCRs will continue until at least summer 2008. The extensive data set will be amenable for a detailed assessment of the four types of BCR substrate and will be presented in future publications. A detailed examination into the Mn removal mechanisms will be presented in a companion paper (Venot et al., 2008) .
Methods

Initial and Current Configurations
The discharge from the National Tunnel adit flowed through a 12-inch diameter pipe to the north fork of Clear Creek. The pipe outlet was located adjacent to the Mill Street Bridge in Blackhawk, Colorado, under which the pilot-scale BCRs were located. Initial installation of the treatment system occurred in June 2006 (Table 2) . National Tunnel drainage was fed to the reactors composed of 210L plastic drums. The ethanol fed BCRs were designated ETOH 1 and 2, the hay plus wood BCRs were designated HYWD 1 and 2 and the corn stover plus wood BCRs were designated CSWD 1 and 2. The numbers were assigned to the BCR label to differentiate the duplicate BCRs from each other. Power resumed to reactor heating system, influent and effluent pipes thaw, and flow resumed A 20L bucket on top of each drum provided a constant-head feed. The first pair of 20L buckets on top of the ETOH reactors was fed in series after which a split in the delivery piping fed each of two series of 20L buckets atop the HYWD and CSWD reactors ( (Table 2) .
Retention time increased to 4.5-7.5 days at this lower flow rate.
The influent flowed downward through the packed substrates and samples were collected by lowering the effluent hose. This system maintained saturation of the substrates and the addition of an overflow port allowed for a constant water level in each reactor. A 5.08 cm. (2-in.)
diameter well screen pipe running vertically through the center of each reactor served for substrate sampling described later in this paper (Buccambuso et al. 2007 ). In addition to the hydraulic system modifications, Raychem™ heat trace tape (purchased from Grainger Industrial Supply, www.grainger.com) was installed in October 2007 to prevent freezing issues that occurred during the previous winter. The heat trace tape was run along the entire length of the main influent pipe with "T" splices (to each valve) allowing a length of heat tape to run down the piping to each reactor, around each reactors three times, and up each effluent hose. All exposed heat trace along PVC pipes and hoses was covered with standard foam pipe insulation whereas fiberglass water heater insulation sheets (7 cm thick) were wrapped around timers and reactors.
Composition of Solid and Liquid Phase Reactor Substrates
With the exception of the ETOH BCRs, the initial composition of the substrates was not altered during modification of the treatment system in 2007. Iron filings added to the top of the ETOH reactors in 2006 were removed in 2007 when it was determined that the Fe filings were not necessary for maintenance of reducing conditions in the reactor. The surface of the ETOH reactor limestone was minimally disturbed during this procedure. The composition of the original reactors in addition to that of the two CHTN reactors is displayed in Table 3 . All substrates were packed into the reactors on-site. The solid phase organic substrate BCRs were first packed with a 3 to 4-inch thick layer of ¾-inch aggregate, permeable limestone base that allowed for effluent drainage collection from the bottom of the reactors. The limestone aggregate was followed by the addition of organic substrate mixed with limestone sand and horse manure inoculum to a total volume of 170L. Ethanol-fed BCRs were packed solely with ¾-inch aggregate limestone then topped with a layer of horse-manure inoculum and the iron filings, resulting in a total volume of 190L. The percent composition of the packing in each reactor was calculated using the known density of the substrates (Buccambuso et al. 2007 ). Finally, the well screen pipe installed in each BCR served for periodic collection of mesh bags filled with the respective substrate used in each reactor for microbial community molecular work and substrate degradation assays. Table 3 . Solid and liquid-phase reactor substrate composition by weight percent
The CHTN reactors were packed with a mixture of sand, pea-gravel, and CHITOREM ® SC-20 (Table 3) . CHITOREM ® SC-20 chitin complex was provided by JRW Bioremediation, Lenexa,
KS. This crab-shell based substrate had previously demonstrated potential in bioremediation of MIW (Daubert and Brennan 2007 bound calcium carbonate, 30% protein, and less than 9% nitrogen. The sand and gravel mixture was necessary to insure even distribution and suspension of the CHITOREM ® SC-20 particles throughout the reactor and to maintain hydraulic conductivity.
Sampling Strategy and Methods
The experimental strategy remained unchanged from 2006 (Table 4 ). In addition, as of September 26, 2007, reactor temperature was sampled directly from the center of the reactor using a temperature probe. Weekly collections of influent and effluent samples for the field and laboratory tests as described in Table 5 remained unchanged. Collection of solid-phase samples for microbial community and substrate analysis will be continued in 2008. 
Results and Discussion
A lack a lower level of replication in the performance was observed between paired reactors in 2007 than during the first year of operation. As a result, the measured parameters for the reactors in each pair will be presented individually rather than as an average. Performance assessments of the four reactor types are based primarily on a comparison of influent and effluent metal concentrations with discussion of pH, alkalinity, and sulfate concentrations.
Modifications to the biochemical reactor installation
The complexity of the original reactor piping and head-tank system caused several issues that have been largely resolved with the new layout ( Figs. 1 and 2 ). The most important of which was the simplified piping that provided fewer places for ice to accumulate and cause complete or partial blockages in the system. Even when the influent valves, and influent and effluent hoses of the reactors froze during power shortages in 2007, the influent water still flowed through the main distribution pipe, bypassed the reactors, and exited into the north fork of Clear Creek, (Table 2) . Additionally, heating and insulating the entire system prevented winterization problems that were experienced with the initial reactor installation.
Temperature
The temperature of a reactor without heating and/or insulation is directly dependent on influent and ambient air temperatures. It would be expected that the temperature of a BCR should be near that of the influent water with positive and negative influences depending on ambient air temperature and hydraulic retention time. If low enough, ambient air temperatures could sufficiently cool the reactors to cause freezing in the feed system plumbing and BCRs.
This was evident from the first year of winter operation in December 2006 and unusually cold conditions in October and November 2007 that caused freezing issues with the revised reactors (Fig. 3) . The reactor temperatures dropped below the influent temperature because of intermittent power to the heating system at the end of October 2007 (Table 2 and Fig. 3 ). Once the intermittent power problem was resolved, the heating system proved capable of maintaining reactor temperatures above 6 C and thus prevented freezing of the influent, reactor, and effluent.
Measured temperatures varied greatly between reactors. At the completion of this study, the effect of reactor temperature on SO 4 2-reduction rates will be evaluated. (Fig. 4) . These data suggest that the more mature solid-phase substrate BCRs had better pH neutralizing capabilities. In contrast, the ETOH BCRs exhibited the opposite relative pH effect during the same period. The ETOH effluent pH in July and August 2006 was greater than 6.6 but was less than 6.5 in July and August 2007 when influent pH was lower. The effluent alkalinity over the same period for all of these reactors was perhaps more stable and slightly higher in 2007. In the future, statistical analysis will be required determine the significance of these preliminary observations.
The apparent improvement in pH neutralizing capacity of the HYWD and CSWD BCRs is potentially due to several factors: The CHTN reactors typically produce the largest increase in pH and alkalinity. Factors contributing to the ability of the CHTN BCRs to increase pH and alkalinity include:
1. dissolution of chitin bound CaCO 3 ;
2. SO 4 2-reduction and 3. NH 4 production from protein degradation.
The collection of NH 4 data in conjunction with pH, alkalinity, SO 4 2-and Ca data will be required to elucidate the mechanisms responsible for pH and alkalinity increases in the CHTN BCRs. Hallberg et al. 2007) . In previously completed studies, Mn sorption to materials typically within BCRs was generally weak (Neculita et al. 2007 ).
The exact cause of Mn removal is uncertain but it is likely that alkalinity resulting from the dissolution of chitin-bound CaCO 3 played an important part by promoting the formation of • Improved flow and temperature control were maintained during winter weather. However, temperature and flow fluctuations were likely causes of variations in SO 4 2-and Fe removal.
• Effective removal of Cu and Zn was observed despite temperature and flow fluctuations.
•Preliminary observations suggest that a decrease in retention time did not prevent effluent Hydraulic and winterization improvements made to the reactor system have allowed the system to operate through the winter, and operation will continue through summer 2008.
Components that control flow will be monitored more frequently in spring and summer of 2008 to allow for better differentiation of reactor treatment capacity. The data collected through 2007 suggest the following preliminary conclusions about the performance and sustainability of the four types of BCRs tested for MIW treatment:
• All BCRs were able to remove up to 99% of Cu and Zn after a 3-month start-up period in
2007.
• ETOH BCRs demonstrated variability in the removal of Fe and Mn. Both BCRs exhibited poor Mn removal and even showed a release of Mn after the first freezing event. In contrast, Fe removal was high in ETOH 2 but low in ETOH 1. ETOH 1 exhibited a release of Fe after the first freezing event in October of 2007.
• HYWD BCRs did not demonstrate duplicity of performance. HYWD 3 provided more consistent and higher SO 4 2-removal and Mn removal than HYWD 4.
• CSWD 5 and 6 reactor results demonstrated a high level of duplicity. These BCRs had the least Mn removal.
• CHTN reactors demonstrated noteworthy Mn removal likely due to high alkalinity and other unknown factors at the expense of significant NH 4 production.
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